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HUMAN COMFORT RESPONSE TO 


RANDOM MOTIONS WITH A DOMINANT VERTICAL MOTION 


By Ralph W. Stone, Jr. 


SUMMARY 


The effects of random vertical accelerations on passenger ride comfort 
response were examined on the Langley Visual Motion Simulator. The effects 
of power spectral density shape and frequency ranges from 0 to 2 Hz were 
studied. This paper presents the data obtained. There existed during this 
study motions in all other degrees of freedom, as well as the intended vertical 
motion, because of the characteristics of the simulator. These unwanted 
motions may introduce some interactive effects which should be considered in 
any analysis of the data. 


INTRODUCTION 


Consideration of the quality of airplane rides probably will become increasingly 
important, especially in terminal area operations and in short-haul operations using 
short take off and landing aircraft. As an increase in such operations is expected 
(ref, (1)), such operations at low altitudes or with relatively light wing 
loading aircraft may lead to conditions of flight where the motions of the 
aircraft will be less comfortable and less acceptable to passengers than is 
experienced in current jet aircraft operations. Understanding and defining 
the problems of passenger acceptance, and developing methods and systems for 
aircraft design that will allow for acceptable ride comfort, are encompassed 
in a NASA program (ref. (2)). This program includes the simultaneous measure- 
ment of subjective ride comfort responses and vehicle motions made on both 
scheduled airlines and simulators. 

Much data has been obtained and ride comfort indices and acceptance 
ratings have been developed based on human exposures to the full six degree of 
freedom motion of aircraft (refs. (3), (4), (5), (6) , and (7), for example). 

The interactions of the various degrees of freedom of motion as they affect 
human comfort responses is not known. The nature of these interactions is 
important to the understanding of the total comfort response. In addition, 
data available for subjective comfort responses to single degree of freedom 
motions exist primarily for sinusoidal oscillations at specific frequencies 
(ref. (8)). 

The influence of single degree of freedom motions having random oscilla- 
tions typical of those of aircraft in turbulence also is not known. Typical 
airplane response to turbulence have power spectra shape that decreases 
rapidly beyond 1 to 2 Hertz. However, some response motions of the airplane 



(particularly the angular motion) have a somewhat flatter power spectra shape. 

It is not known if these different spectral shapes will have a significant 
influence on the ride comfort. Consequently, a program to measure human 
comfort response ratings in single degree of freedom random motions and the 
interactions of these motions in two, three, and six degrees of freedom using 
two types of power spectra shapes and three frequency ranges is in progress at 
the NASA Langley Research Center. This paper presents the subjective ride 
comfort response ratings obtained when using oscillations in the vertical degree 
of freedom on the Visual Motion Simulator at Langley (fig. 1) • 


SYMBOLS 


Qr Standard deviation of ride quality rating 

K. 

S 

g acceleration due to gravity 

Hz frequency, cps 


TESTS AND TEST CONDITIONS 


The investigation was initiated to measure human comfort response ratings 
to single degree of freedom motions and to multiple degree of freedom motions 
using random motions like those experienced in airplane flight. A program was 
developed using 14 separate simulator "flights',' each flight consisting of 
24 segments. Each of the, segments consisted of either a single degree of 
freedom motion, a two-, three-, or six-degree of freedom motion. The segments 
for the six single degrees of freedom (vertical, transverse, longitudinal 
acceleration and pitch, roll and yaw rates) were scattered throughout six 
flights. Any one single degree of freedom was contained within only two of 
the six flights. The various two degrees of freedom segments were similarly 
scattered throughout four flights. The various three degrees of freedom segments 
were scattered throughout two flights, and six degrees of freedom similarly in 
two flights . 

As mentioned previously, typical airplane responses to turbulence have 
power spectra that decreases rapidly beyond 1 to 2 Hertz. However, some 
responses, particularly for anglular motions, have flatter power spectra. In 
order to investigate the effect of spectral shape and the frequency distribution 
of the response power on ride comfort, six power spectral density distributions 
were developed to drive the simulator. There were two general groups, the first 
termed "typical," having variation with frequency like those experienced 
on typical aircraft and the second termed "flat" with shallower decreases at the 
high frequencies. In each group, three distinct frequency distirbutions were 
used; the first with peak power centered between 0 and 1 Hz, the second 
between 0 and 2 Hz, and the third between 1 and 2 Hz. 
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The six power spectra shapes were tailored by filtering the output of a 
random number generator. The nominal shapes of these spectra are shovm in 
figure 2. In designing the spectra shapes to suit the simulator chexacteristics 
the ’’flat” spectra were not as flat as was intended and in figure 2 appear 
similar to those of the "typical” spectra. However, the "flat” spectra have 
more power in the 1 to 3 Hz range than the typical spectra for conditions with 
the same peak power. This increase in power, over the typical spectra, ranges 
from 35 percent for the 1 to 2 Hz spectra to 170 percent for the 0 to 1 Hz 
spectra . 

The nominal spectra shown in figure 2 are normalized to have a peak of 1. 
For the actual motions on the simulator the magnitude was raised for each spectra 
type by adjusting the gain of the input signal. Four magnitudes were examined 
for each of the six spectra shapes. Thus, the 24 flight segments were 
developed for use in the study. 

The Langley Visual-Motion Simulator (VMS) is primarily used for piloted 
flight, stability, control, and display studies, and does not contain a 
passenger compartment. The passengers used in this study sat in the pilot's 
compartment and rode passiveljr, the controls and instruments being inoperative 
for these experiments. Figure 3 is an interior view of the cockpit. Two 
passengers rode each experimental "flight.” 

The normal operational envelope of motion frequencies and magnitudes of 
the VMS are presented in reference (2). The largest practicable input 
frequency is about 3 Hz. As noted in references (6) and (7), the major energy 
in aircraft motions is in the region of 2 Hertz and less. 


The VMS is a large mechanical device with six hydraulically operated 
telescoping legs and associated switching valves. The desired motions are 
developed by extending the legs in a prescribed manner. In order to obtain the 
desired motions without exceeding the mechanical limitations of the simulator," 
various control and limiting systems were incorporated. The simulator, as a 
dynamic device, has its own natural frequencies and damping, and thus exerts an 
effect on the resulting motion. For precise development of a single degree of 
freedom, the six legs would have to move synchronously. Because of friction in 
the hydraulic systems and valves, and variations in the hydraulic pressure, it 
was not possible to produce the precise conditions necessary for one degree of 
freedom. Therefore, the motions developed by the simulator had the vertical 
acceleration as the dominant motion with various lesser amounts of the other 
five degrees of freedom present. For these same reasons, the motions were not 
precisely duplicated even for identical computer inputs. As a result of the 
dynamic characteristics of the simulator, the actual motion power spectra 
experienced by the subjects was somewhat different than the nominal spectra used as 
input to the computer. The four different magnitudes mentioned previously 
were supposed to be alike for each input spectra shape; however, because of the 
dynamic response characteristics of the simulator, it provided different RMS 
values of the vertical accelerations for the different spectra shapes. 


Each "flight” was flown four to five times so that 8 to 10 subjects 
experienced each motion. As these "flights” were not precisely duplicated, 
the data discussed in the "Data” section of this paper are the average values 
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of the four or five "flights" used. The standard deviation of the 
vertical accelerations from the average values for the various segments 
in terms of percent of the average values is 4.44 percent. The maximum 
deviation was 7.11 percent. The actual output of the simulator for a 
test segment representing most nearly the average output for a given 
input segment and, therefore, the motions essentially experienced by the 
subjects are presented in figures 4 to 9. Those include time histories 
for all six degrees of freedom, histograms of the vertical acceleration, 
and power spectral densities of the vertical accelerations for the 
24 segments of "flight" as follows: 


Figure 
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Frequency range 

0-1 Hz 

0- 2 Hz 

1- 2 Hz 
0-1 Hz 

0- 2 Hz 

1- 2 Hz 


The four segments of motion in each figure are for progressively increasing 
values of vertical acceleration. 

The reference axis used was relative to the seated passengers and is 
shown in figure 10. The vertical accelerations used for this paper were along 
the vertical axis shown in figure 10. The actual motions of the simulator, , as 
experienced by the passengers, were measured by an inertial instrument package 
containing three linear accelerometers, one alined with each axis, and three 
rate gyros also alined with each axis. 

As noted previously, 24 segments of flight were used in examining the 
vertical degree of freedom. These 24 segments were randomly scattered in 
two "flights," Each flight was 36 minutes long and consisted of 24, one- and 
one-half minute segments. The subjects rated a 20-second portion in the center 
of each segment. A computer -driven buzzer system was used to identify this 
center portion of the segments. The subjects were instructed to consider only 
this 20-second segment of "flight" when making their comfort response rating. 
The subjects rated the Segments on a seven-statement scale, as follows: 

Very comfortable 
Comfortable 
Somewhat comfortable 
Acceptable 

Somewhat uncomfortable 
Uncomfortable 
Very uncomfortable 
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Many subjective ride comfort indices have been based on a five-point numerical 
scale (see refs. (4) and (7), for example). Accordingly, for analysis purposes 
the seven-statement rating scale was converted to numerical values for a five- 
point scale as follows: 

1 = Very comfortable 

2 - Comfortable 

2- 1/2 = Somewhat comfortable 

3 = Acceptable 

3- 1/2 = Somewhat uncomfortable 

4 = Uncomfortable 

5 = Very uncomfortable 

For the data presented herein, average numerical ratings for the 8 to 10 
subjects based on this scale and standard deviations from these averages are 
used. 


The subjects, in general, were supplied by the Hampton Institute and 
consisted of a relatively broad spectra of people. For the total program, 
138 passenger "flights” were made using a total of 98 persons. No person 
rode the same flight twice. A general profile of the persons used on these 
"flights" is shown in table I. 


DATA 


The mean RMS values for all six degrees of freedom of the four or five 
"flights" performed for each input segment along with the mean subjective ride 
comfort response ratings (R.g) are shown in table II. The standard deviation 
of the response ratings for the passenger group on each "flight" segment are 
also sho'^m in table II. The standard deviation of the response ratings for 
the passenger group on each "flight" segment are also shown in table II. 

Cross correlation coefficients for the various motion components are shown in 
table III. The four segments of motion on tables II and III for each spectra 
shape are for progressively increasing values of R.MS vertical acceleration. 


As noted previously, the data presented herein are for vertical motion inputs 
and the existence of the other motion components in tables II and III are the result 
of simulator characteristics. Until data is available for each degree of freedom 
of motion and for combined motions , it will not be clear how significant the exist- 
ence of the other motion components are in the subjective ride comfort responses 
presented in this paper. The vertical RMS accelerations varied from about 
1.5 to 7 times larger than the longitudinal or transverse RMS accelerations 
that occurred. These can be compared because they are similar types of stimu- 
lation to the vertical RMS acceleration. Because the angular RMS velocities 
are a different form of stimulation than the linear accelerations, no compari 
son as to their relative significance to the vertical RMS acceleration can be 
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directly made. It should be noted that the values range from about 0.25 to 
1.7 degrees per second and have an average value of 0.797 degrees per second. 
Estimates of thresholds of perception of angular velocity (see refs. (9) and 
(10)) range from about 0.5 to 4.0 degrees per second. The values of RMS 
angular velocity that existed in the experiment to study the response to 
vertical motion are therefore near the estimates of thresholds of perception 
and may not have had important influences on the comfort responses of this 
paper. Any analysis made of the data presented herein should maintain 
cognizance of the existence and possible influence of motion in the degrees of 
freedom other than ve'ttical. 

The subjective ride comfort responses presented on table II have an average 
standard deviation for all 24 segments of 0,748. This compares favorably with 
other experiences as , for example, the average standard deviation of the ride 
quality index for the results of reference (7) is 0.758 units of response rating. 

As expected, there is a progressive increase in response ratings with 
increasing vertical acceleration. The variation (table II) is not, however, 
a linear function of vertical acceleration. The subjective ride comfort 
responses are therefore plotted against the lognQ of the RMS vertical accelera- 
tions for typical power spectra in figure 11 and for flat power spectra in 
figure 12. Thus plotted, the data show a nearly linear variation of the 
response, with the log;^Q of the acceleration stimulus. This observation implies 
that the comfort response to RMS vertical accelerations conforms to the laws 
of psychophysical responses, wherein the response varies with the log^Q of the 
stimulus (ref. (11)). 


CONCLUDING REMARKS 


A study has been made on the Langley Visual Motion Simulator to examine 
the influence of random vertical accelerations cn human subjective ride 
comfort responses. The effects of two general shapes of power spectral 
density of the vertical acceleration for three frequency ranges in the 0 to 
2 Hz region were examined. The data obtained in this study are presented in 
this paper. Although this study was made basically to examine the influence 
of random vertical accelerations, because of the characteristics of the 
simulator there occurred in the study some amounts of motion in all other 
degrees of freedom. Analysis of these data must maintain cognizance of this 
fact. The response data appear to vary linearly with the logj_Q of the vertical 
RMS accelerations indicating congruity with psychophysical law. 
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TABLE I. - PASSENGER PROFILE FOR 
VMS RIDE QUALITY PROGRAM 

Total Passengers - 98 Persons 

Sex Distribution 



Number 

7o 

Males 

47 

48 

Females 

51 

52 


Age Distribution 



Number 

7o 

Sex 

Male 

Female 

18-25 yrs 

55 

56 

447o 

567o 

26-45 yrs 

30 

31 

477o 

53 % 

46 yrs 

13 

13 

69 % 

31 % 
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Longitudinal Transverse Vertical Pitching Rolling Yawing Rg 0^ 

acc. acc. acc. velocity velocity velocity ® 

g g g deg/sec deg/sec deg/sec 

(a) Typical 0-1 Hz inputs 

0.0055 0.0062 0.0156 0.5065 0.7945 0.4336 1.750 0.717 

.0061 .0075 .0296 .5008 .8207 .4126 2.400 .937 

.0083 .0102 .0626 .5444 .9417 .4238 2.850 .626 

.0092 .0116 .0658 .6027 1.0820 .4454 3.250 .755 | 

(b) Typical 0-2 Hz inputs 


.0055 

.0064 

.0141 

.4961 

.7760 

.4232 

1.600 

.686 

.0068 

.0083 

.0306 

.4687 

.7993 

.3844 

2.200 

.753 

.0101 

. 0129 

.0573 

.5849 

1.0339 

.4520 

3.000 

1.106 

. 0124 

. 0165 

.0870 

.6549 

1.1789 

.4616 

3.500 

.624 



(c) Typical 1-2 Hz 

inputs 


. 0054 

.0063 

.0114 

.4863 

.6612 

.4127 

1.500 

.527 

.0074 

.0107 

.0315 

.4895 

.9324 

.3880 

2.500 

. 898 

.0103 

.0136 

.0540 

.5586 

1.0998 

.4264 

2.950 

.968 

, 0129 

.0178 

.0765 

.6230 

1.2604 

.4559 

3.500 

1.054 































TABLE II. - MEAN RMS VALUES OF MEASURED MOTION COMPONENTS WITH 
VERTICAL ACCELERATION INPUTS AND MEAN RIDE COMFORT RESPONSES (CONTINUED) 


Longitudinal 

acc. 

g 

Transverse 

acc. 

g 

Vertical 

acc. 

g 

Pitching 

velocity 

deg/sec 

Rolling 

velocity 

deg/sec 

Yawing 

velocity 

deg/sec 


% 



(d) 

Flat 0-1 Hz 

inputs 




0.0095 

0.0073 

0.0133 

0.5836 

0.9i32 

0.4997 

1.600 

0.658 

.0088 

.0105 

.0313 

,8102 

1.2597 

.6797 

2.600 

,460 

.0101 

.0125 

.0633 

.6717 

1.1707 

.5333 

3.050 

.762 

.0123 

.0150 

.0711 

.9725 

1.6060 

.8075 

3.500 

.782 

(e) Flat 0-2 Hz inputs 

.0100 

.0110 

.0163 

.9917 

1.4952 

.8112 

1.750 

.920 

.0075 

. 0092 

.0303 

.5469 

.9166 

.4562 

2.500 

.745 

.0123 

.0154 

.0597 

.8860 

1.4418 

.7527 

2.900 

.615 

.0145 

.0191 

. 0890 

, 9409 

1.5209 

.7376 

3.950 

.864 

(f) Flat 1-2 Hz inputs 

.0060 

.0069 

.0115 

.5763 

.9187 

.4904 

1.550 

.599 

.0112 

.0140 

.0338 

.9819 

1.5860 

.8160 

2.600 

.516 

.0128 

.0164 

.0547 

. 9108 

1.6106 

.7571 

3.100 

.658 

. 0157 

. 0212 

.0764 

1.0532 

1.7933 

0.8506 

3.350 

.709 






















TABLE III.- CROSS -CORREIAT ION COEFFICIENTS OF MOTION COMPONENTS WITH 

VERTICAL ACCELERATION INPUTS 


Longitudinal 
- Vertical 

Longitudinal 
- Pitch 

Trans vers e 
- Roll 

Transverse 
- Yaw 

— _ 

I Vertical 
- Pitch 

Roll 
- Yaw 

(a) Typical 0-1 Hz inputs 


0.3830 

0.8519 

0.7792 

0.8169 

0.4132 

0.9329 

. 1916 

.6516 

.3759 

.5413 

.3312 

.7986 

.2190 

.4173 

.1963 

,2986 

.4825 

.5862 

.2929 

.4377 

.1059 

.2491 

.5105 

.5677 


(b) Typical 0-2 Hz 

inputs 



.5352 

.7861 

.6773 

.7300 

.4693 

.9273 

.3862 

.5327 

.2423 

.3868 

,3659 

.7749 

.3416 

.3281 

.0413 

.1439 

.4295 

.6303 

.3233 

. 2741 

-.0315 

.0848 

.5221 

.4919 


(c) Typical 1-2 Hz inputs 


.6211 

. 7640 

.6025 

..Ml., 

.6800 

.4623 

.9006 

,4929 

.4466 

.1286 

.2774 

.2526 

.6856 

.3512 

.3161 

.0100 

.1350 

.3620 

.5659 


3634 


1686 


-.1112 


-.0760 


,3573 


.5490 







TABLE Xn.- CROSS -CORRELATION COEFFICIENTS OF MOTION COMPONENTS WITH 
VERTICAL ACCELERATION INPUTS (COinTINUED) 


Longitudinal 
- Vertical 

Longitudinal 
- Pitch 

Transverse 
- Roll 

Transverse 
- Yaw 

Vertical 
- Pitch 

Roll 
- Yaw 

(d) Flat 0-1 Hz inputs 

0.6006 

0.9475 

0.8912 

0.9250 

0.6495 

0.9626 

.2761 

.7896 

,6513 

.7088 

.3473 

.8727 

.1756 

.3511 

.2017 

.1920 

.4687 

.5657 

. 1404 

.6387 

.4984 

.4900 

.2914 

.8154 

(e) Flat 0-2 Hz inputs 

.6604 

.9252 

.8168 

.8757 

.6682 

.9418 

.3122 

.5427 

.2801 

.4109 

.3746 

.6956 

.2954 

.5597 

.3379 

.3723 

.3659 

.7783 

.2873 

.4412 

.2362 

.2621 

.4193 

.7427 

(f) Flat 1-2 Hz inputs 

.5521 

.7870 

.5530 

.6815 

.4738 

.8558 

.4884 

.7814 

. 5046 

.6245 

.3702 

.8582 

.3186 

.5305 

.2197 

.3189 

.2740 

. 7255 

.3567 

- --T- • - ^ 

.3568 

.0951 

.1488 

.3351 

.6568 
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Normalized power spectral density 



(a) Typical spectra. 

Figure 2.- Nominal power spectra of motion components. 
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Figure 3 
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Figure 4. Measured motion characteristics using vertical acceleration 

with typical 0-1 Hz inputs 
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(a) Time histories (R/VIS vertical acc. a 0296 g). 
Figure 4. Continued. 
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Continued. 
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fb) Vertical acceleration histogram (RMS verticai acc, a 0296g). 
Figure 4. Continued. 
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(c) Vertical acceleration power spectrum (RMS vertical accd 0156 g). 
Figure 4 Conti nuedL 
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tc) Vertical acceleration power spectrum (RMS vertical acc.0LO296gl 
Figure 4 Continued. * 
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(c) Vertical acceleration power spectrum (RMS vertical acc.a 0626 gl 
Figured Continued 
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(c) Vertical acceleration power spectrum (RMS vertical acca 0658 gl 
Figure 4 Concluded 
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(a) Time histories IRMS vertical acc. Q. 0141 g). 

Figure 5. Measured motion characteristics using vertical acceleration 

with typical 0-2 Hz inputs. 
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Normalized frequency of occurrence 



Acceleration level, g's 

(b) Vertical acceleration histogram (RMS vertical acc (10306 gl 
Figures. Continued 
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(b) Vertical acceleration histogram (RMS vertical acc.(UJ573 g). 
Figure 5t Continued. 
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Acceleration level, g's 
(b) Vertical acceleration hIstogramIRMS vertical acc a0870g) 
Figure 5. - Continued. 
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Figure S. Continued 
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Figure S. Concluded. 




(a) Time histories (RMS vertical acc.a 0114 g). 


Figure 6. Measured motion characteristics using vertical acceleration 

with typical 1-2 Hz Inputs. 
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(a) Time histories (RMS vertical acc. 01 0315 g). 
•igure 6. Continued 
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(a) Time histories (RMS vertical acc 0.0 >40 gl 
Figure Continued. 



















(a) Time histories (RMS vertical acc,0t 0765 g). 
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Figure 6. Continued. 

















Normalized frequency of occurrence 





(b) Vertical acceleration histogram (RMS vertical accOL 0315 g). 
Figure 6. Continued 
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Normalized fre<|uency of occurrence 



Acceleration level, g's 

(bl Vertical acceleration histogram (RMS vertical acca 0114 g). 
Figure 6. Continued. 
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Ic) Vertical acceleration power spectrum (RMS vertical acc. 010114 gl 
Figured Continued 
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(c) Vertical acceleration power spectrum (RMS vertical acc.a0S40 gl 


Figure t Continued. 
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k) Vertical acceleration power spectrum (RMS vertical acc.a 0765 gl 
Figure 6l Concluded 
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(a) Time histories (RMS vertical acca 0633 gl 


Figure?. Continued. 








































Normalized frequency of occurrence 



Figure 7. Continued 
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Acceleration level, g's 

(b) Vertical acceleration histogram (RMS vertical acc. a 0711 gl 
Figure/. Continued 
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(c) Vertical acceleration po^er spectrum (RMS vertical acc Cl 0133 ql 
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<c) Vertical acceleration power spectrum (RMS vertical accCL 0633 gl 
Figure?. Continued. 
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(c) Vertical acceleration power soectrum (RMS vertical acc.a 0711 g). 
Figure?. Concluded. 
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(a) Time histories (RMS vertical acc a 0597 gl 
Figure 8L Continued. 
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(b) Vertical acceleration histogram (RMS vertical acc. d 0163 g). 
Figures. Continued. 
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(c) Vertical acceleration power sj 
Figure 8. 




mTnTTT TTirnm rTTnrrn — \ — n in 



i(r’ 


‘ j. ;* n u ! liii' . ; n ‘ ‘ 1 1 1 1 ' 1 1 M ! t » » H ! » . i * ’ t • ! i 1 1 ; n 1 ■ 1 1 nj 1 1 • : I ( ! ! ' 1 1 H » I « I ixi ( I j n • ! iiu ul* i 
t *i 6 b in 1? m 16 lb j 

Frequency, Hz 


(c) Vertical acceleration power spectrum (RMS vertical kc CL 0303 gl 
Figure 81 Continued 
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Figure 8L Continued 
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(a) Time histories (RMS vertical acc (10115 gl 

Figure 9. Measured motion characteristics using vertical acceleration 

with flat l>2 Mz inputs. 
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(a) Time histories (RMS vertical acc.dC547 gl 


Figured Continued. 






















NormaliTed frequency of occurrence 
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(b) Vertical acceleration histogram (RMS vertical acc. GL 0547 gl 
Figured. Continued 
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Acceleration level, g's 

(b) Vertical acceleration histogram IRMS vertical acc0LO764 g). 
Figure 9. Continued. 
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(c) Vertical acceleration power spectrum (RMS vertical acc.aoil3 g) 
Figure 9. Continued 
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(c) Vertical acceleration power spectrum tRMS vertical aa .a 0547 gl 
Figure 9. Continued. 
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Figure 10.- R«fer«nr*4 axes. 
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Figure 12.- Verletlon of ride confort reeponee with RMS vertical acceleratlona having 

flat power apectra. 



